Biochemical alterations of cellular membranes in chilling-sensitive mung bean (Vigna radiata [L.] Wilczek) hypocotyls were invesfigated with reference to chilling injury. Reversible decreases in activities of tonoplast H+-ATPase and in vivo respiration became manifest within 24 hours of chilling when tissues suffered no permanent injury as assessed by electrolyte leakage and regrowth capacity. These changes were found to be the earliest cellular responses to chilling. A density-shift on a sucrose density gradient was observed in Golgi membranes early in the chilling treatment, suggesting that Golgi function and/or membrane biogenesis via the Golgi may have been altered upon chilling. After chilling more than 2 days, irreversible changes were generally produced in cellular membranes including the plasma membrane, endoplasmic reticulum, and mitochondria. Respiratory functions remained intact in mitochondria isolated from tissues prechilled for 24 hours, but were impaired after prechilling for 3 days. Given the important role of the tonoplast H+-ATPase in the active transport of ions and metabolites, the early decline in the tonoplast H+-ATPase activity may give rise to an alteration of the cytoplasmic environment and, consequently, trigger a series of degenerative reactions in the cells. uncertainty as to how the chill-induced physical changes in those membranes can be sequentially transduced into cell injury. Furthermore, there seems to be no specific reason to assume that those organelles are exclusive cellular sites for sensing low temperatures.
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In our earlier studies, using extremely chill-sensitive cultured cells (27) , degeneration ofcell structures occurred within a short period of chilling, i.e., 6 to 12 h at 0°C. Partial dilation and microvesiculation of RER and other deteriorative changes were followed by marked morphological changes in the intramembranous particles on the tonoplast fracture faces. Furthermore, the chilled cells retained the capacity to grow after transfer to a warm temperature until the onset of the structural alteration in the tonoplast. It is assumed that chillinduced structural and functional deterioration in the tonoplasts is also involved in the earliest cellular events triggered by chilling. In the present study, we have attempted to analyze the biochemical changes in various cellular membranes, which take place during chilling in the cells in chill-sensitive mung bean seedlings. Special attention was paid to determining the earliest changes manifested in intact cells immediately upon chilling and to distinguish them from the secondarily transduced ones.
Although a number of studies have been carried out to elucidate the mechanisms involved in chilling injury in plants, many problems remain to be explained. For a better understanding of the mechanisms, it is important to identify the cellular site(s) and the physical features of the primary reaction(s) sensing low temperatures and to determine the physiological transducers transmitted from the low temperature sensing reaction. The temperature sensing site(s) has been suggested to reside on cellular membranes and either lipids (10, 12, 16) or proteins (1) may be involved. Lyons (9) and Raison (10) proposed the thermotropic lipid phase-transition hypothesis, which is the most widely accepted hypothesis explaining the molecular mechanisms of chilling injury in plants. A number of studies have been carried out to substantiate this hypothesis using mostly mitochondrial and plastid membranes as model systems. Nevertheless, there remains tivity meter. The extent of electrolyte leakage from tissues was expressed as a percentage of the total amount of electrolytes leached from freeze-thawed (-80°C) tissues. The conductivity of nonchilled tissues was taken as 0%.
Preparation of Membrane Fractions
Hypocotyls excised from nonchilled or chilled seedlings were washed once with distilled water and prechilled at 4°C before use. The prechilled tissues were sliced into a homogenizing medium chilled at 0°C and immediately homogenized with a Polytron PT 30 at the medium speed setting for 30 s. The homogenization medium contained 0.25 M sucrose, 75 mM Mops/KOH buffer (pH 7.6), 5 mm EDTA, 5 mM EGTA, 10 mm KF, 2 mm PMSF, 2 mM SHAM,2 2.5 mM potassium metabisulfite, 1.5% (w/v) PVP (mol wt 24,000), 0.5% defatted BSA, and 10 gg/mL butylated hydroxytoluene. The slurry was passed through four layers of gauze and subjected to differential centrifugation at 3,600g for 10 min followed by 156,000g for 20 min. The 3,600 to 156,000g pellet was designated the crude total membrane fraction. The crude total membrane fraction was resuspended in 8 mL of sucrose suspension medium which contained 0.25 M sucrose, 5 mM Mops-KOH buffer (pH 7.3), 1 mM EDTA, 10 mm KCI, 10 ,ug/mL butylated hydroxytoluene, and 1 mM DTT, then loaded on a discontinuous sucrose density gradient made up in the same buffer (10 mL of 32% and 7 mL of 43% sucrose, w/w). After centrifugation at 189,000g for 2.5 h in a Hitachi RP 50.2 rotor at 2°c, a membrane fraction enriched in tonoplast, ER, and Golgi, and a membrane fraction enriched in plasma membrane and mitochondria were recovered at the interfaces of sample/32% (w/w) and the 32/43% (w/w) sucrose layers, respectively (28) . For preparation of a mitochondria-enriched fraction, tissues were homogenized as described above and the homogenate centrifuged at 1,500g for 7 min. The resulting supernatant was further centrifuged at 10,000g for 15 min. The 1,509 to 10,000g pellet was resuspended in the sucrose suspension medium (8 mL) and loaded on a discontinuous sucrose density gradient which consisted of 32% (w/w, 16 mL) and 43% (w/w, 12 mL) sucrose solutions. After centrifugation at 89,000g for 2 h in a Hitachi SW-27 rotor at 2°C, the mitochondria-enriched fraction was recovered from the 32/43% sucrose interface. Membrane fractions thus obtained were diluted with the sucrose suspending medium and pelleted by centrifugation at 156,000g for 20 min. The membrane pellets were resuspended in a sorbitolbuffer system containing 0.25 M sorbitol, 1 mm DTT, and 5 mM Mops-KOH (pH 7.3), and used for enzyme analysis and measurements of in vitro respiration.
Linear Sucrose Density Gradient
The crude total membrane fractions (3,600-156,000g pellet) prepared from nonchilled or chilled hypocotyl tissues were resuspended in the sucrose suspending buffer (6 mL) and loaded on a linear sucrose density gradient ( 
Enzyme Assays
ATPase activities were assayed in a reaction mixture containing 3 mM Na-ATP, 3 mM MgSO4, 30 mm Tris-Mes (pH 7.0), 50 mM KC1, 1 mM Na-molybdate, 5 mm NaN3, 0.03% (w/v) Triton X-100 in the presence or absence of 100 ,uM orthovanadate or 100 mm KNO3. For mitochondrial ATPase assay, the pH of the reaction mixture was adjusted to 9.0, and activity was measured in the presence or absence of 5 mM NaN3. The inhibitor-sensitive ATPase activity was determined by subtracting the activity with inhibitor from the control activity without inhibitor. PPase activity (23) was assayed in a reaction mixture containing 3 mM MgSO4, 3 mM Na-PPi, 30 mm Tris-Mes (pH 8.0), 50 mM KC1, 1 mm Namolybdate in the presence or absence of 0.03% (w/v) Triton X-100. UDPase activity was measured according to the method of Nagahashi and Kane (13) . All enzyme assays were performed at 30°C. NADH Cyt c reductase and Cyt c oxidase activities were measured as reported elsewhere (28) . Protein content was determined according to the method of Bradford (4) using BSA as the standard.
Assay of Adenine Nucleotides
Levels of adenine nucleotides were determined by the luciferase bioluminescence assay described by Ball and Atkinson (2) . This assay allows determinations of all three adenine nucleotides by using pyruvate kinase and adenylate kinase for the stepwise conversions of ADP and AMP to ATP. Ten g (fresh weight) of nonchilled or chilled hypocotyl were homogenized in 10 mL of 1 N HC104 chilled at 0°C with a Polytron PT 10 at the maximum speed setting. The acid extracts were neutralized with solid KH2CO3 and were buffered with 0.2 M Tris-HCl (pH 7.3), then centrifuged at 10,000g for 10 min. The neutralized samples were frozen at -80°C until use.
Proton Pumping Assays
The formation of an inside-acid pH gradient across membrane vesicles was measured as the rate of fluorescent quench-Plant Physiol. Vol. 89, 1989 ing of quinacrine ( 18) . An aliquot of the tonoplast-enriched fraction (the sample/32% sucrose interfaces, 150-200 ,ug protein) was added to a reaction mixture containing 250 mM sorbitol, 30 mM Hepes-bis-tris-propane, 1 mM (PPi-dependent H+-pump) or 3 mm (ATP-dependent H+-pump) MgSO4, 50 mM KCl, and 10 AM quinacrine (pH 7.5), in a final volume of 2.0 mL. After temperature equilibration at 20°C, proton translocation was initiated by the addition either of Na-PPi or bis-tris-propane-ATP at a final concentration of 1 or 3 mM, respectively, and the fluorescence decrease with time measured with a Shiumadzu spectrofluorimeter model RF-540 at excitation and emission wavelengths of 423 (slit width, 3 nm) and 500 nm (slit width, 5 nm), respectively. The initial rate of quenching (relative fluorescent change per min, Q,) was followed as a measure of the rate of proton pumping. The total extent of quenching at the steady state (where proton pumping and proton leaks are equilibrated), which was reversed to nearly 80% level of original fluorescent intensity by addition of 3 AM carbonyl-cyanide p-trifluoromethoxyphenylhydrazone, was used as a measure of the pH gradient (AQ) across the membrane vesicles. The PPi and ATP-dependent proton-translocating activities observed with the tonoplastenriched membrane fraction were insensitive to vanadate, but the latter activity was highly sensitive to KNO3, suggesting all the proton-pump activities were of tonoplast origin.
RESULTS

Development of Chilling
The development of chilling injury in mung bean hypocotyls was assessed by measurement of electrolyte leakage after exposing seedlings to 0°C for various periods, then returning them to a warm condition. including the tonoplast. When the electrolyte-leakage measurement was followed at 0°C before rewarming, no detectable change was observed in the tissues for up to 5 d (data not shown), suggesting that the membrane damage allowing electrolyte-leakage was a secondary cellular event. The degree of electrolyte leakage after warming to 26°C was correlated with the capacity for regrowth of hypocotyls after transfer to a warm condition (6) . When seedlings were chilled for 1 d and returned to 26°C, hypocotyl growth was only slightly inhibited. However, after chilling for 2 d the capacity for regrowth was severely reduced, and chilling more than 3 d resulted in a complete loss of the regrowth capacity.
Changes in Enzyme Activities Associated with Various Cellular Membranes Figure 1 shows the effects of chilling on enzyme activities associated with various cellular membranes. Enzyme assays were carried out with a total crude membrane fraction (3,600-1 56,000g pellets) isolated from nonchilled or chilled hypocotyls. Activity ofKNO3-sensitive ATPase (tonoplast) was found to be the most sensitive to chilling and began to decline during the first day of chilling. The activity of the vanadate-sensitive ATPase (mostly plasma membrane) also showed a slight decrease after l-d chilling. Activities of other membranebound enzymes such as the antimycin A-resistant NADH Cyt c reductase (endoplasmic reticulum), UDPase (Golgi), NaN3-sensitive ATPase and Cyt c oxidase (mitochondria) showed essentially no change after l-d chilling. However, they declined after 2-d chilling, suggesting a secondary physiological event. PPase is known to be specifically bound to the tonoplast (5) and constitutes another type of proton-translocating system in plants (17, 23) . Almost all the particulate PPase was associated with the tonoplast in mung bean hypocotyl cells (data not shown). When the PPase activity was assayed in the presence of 0.03% Triton X-100, the activity increased by about 7-fold, suggesting a latent enzyme (M Maeshima, S Yoshida, in preparation). In contrast with the KN03-sensitive ATPase (tonoplast H+-ATPase), the activity of the Tritonstimulated PPase showed no change after l-d chilling. However, it declined upon prolonged chilling. The control PPase activity, which was assayed in the absence of detergent, increased after prolonged chilling.
Enzyme assays were performed with partially purified membrane fractions after a discontinuous sucrose density gradient (32/43%, w/w) to determine more precisely the changes in activities of membrane-bound enzymes during chilling (Fig. 2) . Activity changes in antimycin A-insensitive NADH Cyt c reductase, Cyt c oxidase, and KN03-sensitive ATPase were essentially the same as observed in Figure 1 . However, the vanadate-sensitive ATPase activity in the plasma membrane-enriched fraction (32/43% interface) did not show any change after 1-d chilling, but did so after 2-d chilling. The initial decline in the vanadate-sensitive ATPase activity in Figure 1 , therefore, was presumably due to a specific loss of enzyme activity associated with other cellular membranes. The early decline in the tonoplast H+-ATPase activity (i.e., l-d chilling) was completely reversed to the control level within 6 h upon rewarming of the prechilled seedlings at 26°C (data not shown). On Figure 2 (data not shown). Chilling Period Figure 2 . Effects of chilling on enzyme activities associated with various cellular membranes. Enzyme assays were carried out with partially purified membrane fractions after a discontinuous sucrose density gradient centrifugation (32/43%, w/w) of the total crude membrane fraction (3,600-156,000g pellet). Enzyme activities were measured as described in "Materials Figure 4 shows the changes in respiratory activity of hypocotyl tissue during chilling. After chilling for 1 d, the respiration decreased by about 36%, though it was completely reversed to the control level after transfer to 26°C for 3 h in the dark (inset, Fig. 4 Figure 3 . Effects of chilling on ATP-dependent and PPi-dependent proton-pumping activities in the tonoplast-enriched membrane fraction. The tonoplast-enriched fraction (sample/32% interface) was obtained by a discontinuous sucrose density gradient as described in Figure 2 . The initial rate of H+-translocation (Q,) and formation of a pH gradient across the membrane vesicles (AQ) were measured as the rate of fluorescent quenching of quinacrine and as the total extent of quenching at the steady state, respectively. Data are averages of triplicate determinations and variations for the data were about 5%. Experimental details are described in "Materials and Methods." (C) and (U) PPi-dependent AQ and Q,, respectively; (0) and (0) ATP-dependent AQ and Qa, respectively. respiration continued and became irreversible. The SHAMsensitive, NaN3-resistant respiration (alternative pathway) was estimated to be around 20% of the total respiration in control tissues and it declined concurrently with the NaN3-sensitive rate during chilling. Table II shows the changes in respiratory activity of mitochondria isolated from nonchilled and chilled hypocotyl tissues. In contrast with the respiratory activity in vivo, the isolated mitochondrial respiration was not affected by 1 d of chilling, but it decreased after chilling more than 3 d. The decrease was greater in state 3 than in state 4, and thus resulted in a decline in the respiratory control ratio. The P/O ratio also decreased after chilling for 5 d, indicating an impairment of respiratory function of the mitochondria. This result correlates with activity changes in mitochondrial Cyt c oxidase and the NaN3-sensitive ATPase (Figs. 1 and 2 ).
Changes in Adenine Nucleotide Levels Figure 5 shows changes in adenine nucleotide levels in hypocotyl tissues as a function of chilling period. The total amount of adenine nucleotides decreased remarkably during chilling (inset). After the first day of chilling the total level fell to about 60% of the control value. The decrease was mostly due to the declines in the levels of ATP and ADP. The decrease, however, returned to around 80% of the control level after warming to 26°C for 4 h (data not shown). Prolonged chilling up to 5 d resulted in a further decline of the nucleotide levels to about 20% ofthe control value. Adenylate energy charge decreased slightly from 0.76 to 0.60 after chilling for 5 d (inset, Fig. 4 ).
Changes in Density Gradient Profiles of Cellular Membranes
To get insight into the changes in buoyant densities of cellular membranes during chilling, the total crude membrane fraction (3,600-156,000g pellets) was fractionated on a linear sucrose density gradient (I 5-50%, w/w). Figure 6 shows the density gradient profiles of the KN03-sensitive ATPase and PPase activities. The ATPase activity showed a broad peak at fractions to 14 with a shoulder at fractions 9 to 10 (Fig.  6A ). This may indicate that the tonoplast consisted of two populations which differed in density, i.e., a lighter and a heavier one, and presumably, originated from different cell populations in the hypocotyls, i.e., from the top and the base. The decrease in activity during chilling was more apparent in the heavier tonoplast fraction; the activity in the lighter one was relatively constant until 2 d of chilling. There was a good correspondence between density gradient profiles of the KN03-sensitive ATPase and PPase activities. When the PPase activity was assayed in the presence of Triton X-100 (Fig.  6C) , the activity did not show any significant change until 2 d of chilling, although a moderate reduction occurred after chilling for 3 d. The situation was much different when the activity was assayed without addition of the detergent (Fig.  6B) . The activity increased after chilling, suggesting either that the sidedness of the isolated tonoplast vesicles changed as a result of chilling or the chilling altered a topological feature of the enzyme. Figure 7 shows changes in the density gradient profiles of UDPase and total ATPase activities during chilling. As assessed by the distribution profile of UDPase activity (Fig. 7A) , Golgi membranes from non-chilled control tissues were banded at fractions 15 to 17 with a symmetric peak. Upon chilling, the activity peak ofUDPase shifted to a much denser portion of the sucrose density gradient (fractions 21 to 22), suggesting a change in the average buoyant density or a change in the density of the trans-face of the Golgi cisternae with which the enzyme is supposed to be specifically associated (19) . It should be stressed that the density shift can be detected even during the early, reversible phase of chilling, i.e., l-d chilling. Total ATPase activity (Fig. 7B ) was assayed in a reaction mixture containing 1 mM Na-molybdate and 5 mm NaN3 to eliminate activities of nonspecific phosphatase and mitochondrial ATPase, respectively, and 0.03% Triton X-100 Fraction Number Figure 6 . Effect of chilling on the density gradient profiles of the KNO3-sensitive ATPase and pyrophosphatase activities. Fifty g (fresh weight) of hypocotyl tissues excised from nonchilled or chilled seedlings were used for each experiment. After sucrose density gradient centrifugation described in "Materials and Methods," aliquots of 1.2 ml were fractionated from the top of the gradient. Pyrophosphatase activities were assayed in the presence or absence of 0.03% (w/v) Triton X-1 00. Each sucrose gradient was identical with respect to sucrose concentration of the fractions. A, KNO3-sensitive ATPase; B, PPase (-TX-100), C, PPase (+TX-1 00), (0) to evaluate activity of any latent ATPases, although ATPase associated with endoplasmic reticulum is severely inhibited by the detergent (7, 26) . The activity peak at the denser portion of the gradient, i.e., fractions 23 to 24, corresponded to plasma membrane ATPase as assessed by vanadate-sensitivity. Although mitochondria cofractionated with plasma membrane in these fractions, addition of 5 mM NaN3 completely inhibited the mitochondrial ATPase activity (data not shown). No detectable change was seen in the density of the plasma membranes during chilling. The activity peak at a lighter portion of the gradient, i.e., fractions 9 to 13, corresponded to tonoplast ATPase (see Fig. 6, A-C) . A significant level of ATPase activity was detected in the region between the activity peaks of the tonoplast and the plasma membrane ATPases, i.e., fractions 15 to 18, where the Golgi membranes cofractionated. The activity in these fractions was significantly lowered upon chilling for 1 d and further declined with (21, 25) , although it is sometimes difficult to determine whether such impairments are the result or the cause of cell injury. In mung bean hypocotyls, electrolyte leakage from cells after rewarming cannot be the cause of injury, but is probably the result of a secondary-induced cellular event. In the present study, special emphasis has been placed on determination ofthe earliest, reversible alterations in cellular membranes, which could become manifest in intact cells immediately or time-dependently upon chilling. Etiolated mung bean hypocotyls were highly sensitive to chilling and irreversibly injured after exposure to 0°C more than 2 to 3 d. They were completely normal within the first 24 h of chilling as assessed by electrolyte leakage and the regrowth capacity. Therefore, this plant seems to be an ideal material to investigate the earliest biochemical processes transduced by chilling, before subsequent deteriorative changes are irreversibly triggered in the cells.
One of the most important findings in the present study was the reversible decline of tonoplast H+-ATPase activity and its proton-translocating function in the first day of chilling, when the tissues suffered no permanent injury. The early decline of the tonoplast ATPase activity may suggest that the enzyme, or the host membrane, has been altered in a reversible way. The tonoplast proton translocating ATPase is felt to function in the regulation ofcellular pH levels and the protonantiports of Ca2+ (3) , basic amino acids (14) and sugars (22) . The chill-induced decline of the H+-ATPase activity and the impairment of the proton-translocating function, whether reversible or irreversible, may therefore result in a perturbation of the cellular compartmentations of solutes and ions, especially protons and Ca2 . In contrast to the ATPase, the tonoplast PPase and the proton-pump activities were rather stable for chilling periods up to 3 d. As reported earlier (29) , mung bean tonoplast H+-ATPase activity was not stimulated by the addition of 0.016% Triton X-100 into the reaction mixture, whereas the plasma membrane ATPase was stimulated severalfold by the addition of the detergent (28), suggesting that these isolated membrane vesicles were mostly in a normal sidedness. In purified tonoplast vesicles, on the other hand, the PPase activity was observed to be latent and stimulated dramatically by the addition of 0.015% detergent into the reaction mixture (data not shown), suggesting an insideout orientation to the vesicles. However, an effect ofdetergent on a conformational change or an alteration of some regulatory factor of the enzyme cannot be excluded. According to Shimmen and MacRobbie (20) In the present study, in vivo respiration by hypocotyl segments was reversibly depressed after 1 d of chilling whereas no change occurred in the in vitro respiration of the isolated mitochondria from prechilled tissues. The ATP level in the hypocotyl cells decreased appreciably even after the first day of chilling. This rapid decline in the ATP level may be caused by the depression of respiration as mentioned above, although the direct effect of a temperature-dependent alteration of physical state in the mitochondrial membranes cannot be ruled out (15). The fall of ATP level may in turn affect not only the primary and secondary energy-dependent transport of ions and metabolites into their cellular compartments, but also general cellular metabolic reactions require that ATP. Our recent studies (8) demonstrate that in vivo incorporation of [35S]methionine into proteins in mung bean hypocotyls was markedly reduced (i.e., by 60%) by the prechilling at 0°C for 1 d, but it was completely reversed after rewarming to 26°C within 6 h. ACC-dependent ethylene formation by hypocotyl tissues was also demonstrated to decline reversibly after a 1 -d chilling (6) . Although the exact reasons are not fully understood, alterations of cytoplasmic pH and the cellular localization of ions, especially Ca2 , may also be responsible for the early and reversible declines in protein synthesis, ACC-dependent ethylene formation and respiration.
It should be also noted that Golgi membranes underwent a marked shift of buoyant density upon chilling, when assessed by the UDPase activity profile. UDPase is known to be specifically located in the trans-face cisternae of the Golgi apparatus (19) , and, therefore, it is possible that the density profile represented the trans-Golgi cisternae. Although the reason is not understood, it is envisaged that the physiological functions of the Golgi apparatus might have been altered even in the early, reversible phase of chilling. The early decline of the membrane-associated ATPase activity, which was highly sensitive to vanadate (7), may partially support this idea. It is generally acknowledged that the Golgi apparatus plays a fundamental role in membrane biogenesis (1 1). Therefore, in future studies, close attention should be addressed to the effects of low temperatures upon general pathways of membrane biogenesis in chilling-sensitive plants, with special reference to the decline of tonoplast H+-ATPase activity during the early phase of chilling treatment.
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